Abstract Settling problems caused by pin-point sludge constitute a serious problem in biological wastewater treatment, particularly in many industrial plants. Until now, most studies focused on the relationship between pin-point sludge formation and either shearing forces or the impact of toxicants. This study deals with the community structure in both the micro-and macrofloc fraction which was analyzed by fluorescent in situ hybridization (FISH) and BIOLOG substrate utilization patterns. It was shown that each fraction consisted of different microbial communities with unique metabolic profiles suggesting that pin-point sludge formation is not due to dispersal of intact flocs but to microcolonies growing separately. Alternatively, macroflocs may have an architecture leading to segregation of microbial communities after floc dispersal. Further it could be shown that the formation of microflocs was influenced by sludge age. The best sludge sedimentation was obtained for a sludge age of 5 and 10 days. Additional analysis of extracellular polymeric substances (EPS) suggested that the lower protein to carbohydrate ratio of 10-day-old sludge led to better flocculation compared to 20-day-old sludge containing similar total amounts of EPS. From a practical point of view, addition of potassium (0.1 g/l) effected a noticeable improvement of sludge settleability.
Introduction
For the successful operation of a biological wastewater treatment plant two processes are of importance: the transformation of dissolved and particulate wastewater components into biomass and solid/liquid separation by sedimentation. Concerning sludge settleability there are different phenomena leading to sludge settling problems and a deterioration of effluent quality. These phenomena can be divided in two groups: those that are connected to large quantities of filamentous organisms like bulking sludge or foaming (Wanner et al., 1998) and those that are associated with small, nonsettleable flocs such as dispersed growth or the formation of pin-point flocs (Pipes, 1979) . While dispersed growth is characterized by activated sludge composed of only small flocs, pin-point flocs are accompanied by a fraction of large flocs with a high density and a high sedimentation velocity. In most cases pin-point flocs arise in wastewater containing a high portion of poorly degradable organic substances such as industrial wastewater and especially effluents of paper mills.
A pilot-scale sequencing batch reactor (SBR) and a full-scale completely mixed aeration basin of a continuous flow plant (CFP) were operated to treat paper mill wastewater. Activated sludge population structure differed between the two reactor types. The sludge of the continuous-flow plant contained great amounts of filaments as well as large quantities of nonsettleable pin-point flocs. In the SBR no filaments were observed but pin-point flocs were also present. Most studies dealing with the phenomenon of pin-point flocs have focused on the relationship between pin-point floc formation and the impact of shear forces or toxicants. Until now no investigations have been performed on the microbial population structure of both fractions -the nonsettleable microflocs (pin-point flocs) and the fast settling macroflocs.
To address this point both fluorescent in situ hybridization (FISH) and substrate utilization tests (BIOLOG) of the whole community were used. Currently, the use of rRNA targeted oligonucleotide probes is the most powerful tool for community analysis because it allows the in situ detection of microbial species Snaidr et al., 1997) . Most disadvantages of the classical culture-dependent methods can be overcome by this method. The application of oligonucleotide probes, however, is limited by the number of probes available. This is especially of importance in the case of activated sludge from industrial wastewater treatment. Therefore, substrate utilization was tested in parallel to investigate the metabolic profile of the whole community. Garland and Mills (1991) were the first to use microtiter plates by BIOLOG (BIOLOG, Inc.) to analyze activated sludge communities. Since then, this technique has became widespread despite some concerns regarding its reproducibility and the complicated mathematical computations involved (Glimm et al., 1997) .
A further approach should show if different sludge ages (5, 10 and 20 days) and the addition of potassium had any influence on the formation of microflocs and, consequently, the flocculation process. Pin-point sludge has a low sludge volume index (SVI). Simultaneously, a cloudy supernatant liquid with visible single flocs indicates bad settling of microflocs. Therefore, effluent suspended solids (SS) and effluent volatile suspended solids (VSS) were analyzed and the ratio of VSS to SS in the effluent was calculated to investigate nonsettleable microflocs. Since the quantity and composition of extracellular polymeric substances (EPS) from sludge play an important role in sludge sedimentation (Chao and Keinath, 1979 ) and can vary with sludge age (Bisogni and Lawrence, 1971) , COD, protein content, and polysaccharide concentration of the EPS extract from sludge were analyzed.
Materials and methods

Experimental setup and reactor operation
A pilot-scale sequencing batch reactor (SBR) was installed at a paper mill and operated parallel to the continuous flow plant of the company (MD Papier, Plattling, Germany). A variable sludge age of 5, 10 and 20 days was used, and the volume was 10 m 3 with an exchange rate of 40%. The reactor was operated on an 8-h cycle consisting of the following stages: a 0.5-h aerated fill phase, a 5.5-h aeration period, a 1.67-h settling phase, and a 0.33-h draw phase. The influent had an average COD of approximately 500 mg/l; nitrogen and phosphate was added to obtain a final ratio of COD:N:P = 200:5:1. For potassium studies a 6.5-l lab-scale reactor was operated under identical conditions.
Sampling
For the characterization of the microbial community structure both fractions of the activated sludge (macroflocs and microflocs) were collected from the pilot-scale SBR (sludge age: 5d). Grab samples of mixed liquors (different sludge ages) and samples of the reactor effluent were analyzed to obtain information about microfloc formation at different sludge ages.
In situ hybridization with fluorescently labeled rRNA-targeted oligonucleotide probes Sample fixation and homogenization. Immediately upon sampling the activated sludge was fixed with paraformaldehyde according to the protocol described by Amann (1995) . After fixation the samples were homogenized for 8 min with a Teflon piston (2,000 rpm).
Oligonucleotide probes. The following rRNA-targeted oligonucleotide probes were used: (i) EUB338 (Amann et al., 1990) , complementary to a region of the 16S rRNA of Bacteria,
(ii) ALF1b, BET42a and GAM42a, complementary to a region of the 16S rRNA (ALF1b) or 23S rRNA (BET42a/GAM42a) conserved for the α-, β-and γ-subclasses of Proteobacteria, respectively (Manz et al., 1992) ; (iii) PPx3-1428 (Snaidr et al. 2002) detecting the filamentous newly proposed Alisphaera sp. strain PPx3 belonging to the α-subclass of Proteobacteria (iv) PPx4-47 and P22-652, (Snaidr, 1997) both detecting filamentous bacteria belonging to the Green Nonsulfur Bacteria (GNSB), the next relatives being Chloroflexus aurantiacus and Herpetosiphon aurantiacus, respectively. The specific probes described by Snaidr (1997) were designed by comparative DNA sequence analysis of a 16S rDNA clone library obtained from the continuous flow activated sludge plant of the company MD Papier (Plattling, Germany) and all 16S rDNA sequences are available in the database of the Technical University of Munich, Department of Microbiology (Strunk and Ludwig, 1997) . The oligonucleotides were labeled with the sulfoindocyanine dye CY3.
In situ hybridization. Hybridization of fixed and dehydrated activated sludge samples (immobilized on glass slides) was carried out according to Amann (1995) . Staining with 4',6-diamidino-2-phenylindole (DAPI) was performed as described by Wagner et al. (1993) .
Microscopy and quantification. The hybridized samples were investigated using an Aristoplan epifluorescence microscope (Leica). The ratio of DAPI cell numbers to specific probe counts was calculated manually.
Substrate utilization tests.
A five millilitre sludge suspension was homogenized with a Teflon piston (8 min, 2,000 rpm). To remove adsorbed material the pellet was washed three times with 20 ml phosphate buffer (5 min, 13,000 × g; phosphate buffer: 130 mM NaCl, 10 mM sodium phosphate buffer, pH 7.4). After appropriate dilution with sterile saline solution (0.85% NaCl) the cell suspension was used as inoculum for the microtiter plates (BIOLOG GN plates, BIOLOG Inc.). All plates were incubated at 30°C for 68 h. Plates were read at regular intervals (590 nm) over a 3-day period. The kinetic style analysis was performed as described by Guckert et al. (1996) .
Determination of microfloc formation. The development of microflocs was measured by effluent suspended solids (SS) and volatile suspended solids (VSS) analysis. The ratio of effluent VSS to effluent SS was calculated. In addition mixed liquor suspended solid (MLSS, biomass content) of the reactor samples was determined. Potassium was added to the influent at 0.1-1.0 g/l.
EPS characterization. The EPS extraction of activated sludge was done according to Frølund et al. (1996) with minor modifications (Wuertz et al., 2001) . The COD, protein content (Lowry et al., 1951) , carbohydrate content (Dreywood 1946) were determined.
Results and discussion FISH of macro-and microflocs in pin-point sludge (5-day sludge age)
In both floc fractions, 70-75% of the total bacterial counts (DAPI stain) were detectable with the rRNA-targeted Bacteria probe (data not shown). These results showed that the majority of the cells were Bacteria, physiologically active, and permeable for oligonucleotide probes. In the SBR less than 0.1% of the cells visualized with DAPI emitted a fluorescent signal with the probe detecting the γ-subclass of Proteobacteria ( Figure 1A ). In the macroflocs 5% of the bacterial population belonged either to the α-or to the β-subclass of Proteobacteria ( Figure 1A) . In contrast, microflocs contained no representatives of the α-and only 1% of the β-subclass of Proteobacteria ( Figure 1A ). These investigations demonstrated that hybridization with probes for the α-, β-, and γ-subclass of the Proteobacteria alone is not sufficient to characterize the community of paper mill treatment plants. In contrast, other investigators (Wagner et al., 1993; Snaidr et al., 1997) reported that Proteobacteria accounted typically for about 60-70% of the total bacterial cells in the activated sludge from an aeration basin of municipal wastewater treatment plants. The bacteria belonging to the β-subclass of Proteobacteria are the prevalent group in these sludge samples. Bond et al. (1995) found similar results investigating activated sludge from an SBR operated with municipal sewage. In our study the β-subclass of Proteobacteria was more prevalent but never numerically abundant in the microfloc fraction. The differences to other studies were due to wastewater characteristics, not the operating conditions. This is apparent from similar results for the bacterial population in the CFP which was operated with identical wastewater. This microbial community comprised 20% Proteobacteria with approximately 11% and 9% belonging to the α-and β-subclass of Proteobacteria, respectively (data not shown).
The specifically designed probes (Snaidr, 1997; Snaidr et al. 2002) detected filamentous bacteria belonging to the Green Nonsulfur Bacteria (P22-652, PPx4-47) and to the α-subclass of Proteobacteria (PPx3-1428). Previously it was postulated as a result of microscopic investigations that pin-point flocs contain hardly any filaments (Sezgin et al., 1978; Pipes, 1979) . Microscopic analysis might be misleading because filamentous organisms are easily missed if they grow in the inner region of a floc or if filaments break into single cells. The comparison of both floc fractions by FISH ( Figure 1B ) demonstrated that the number of filamentous bacteria detected with the newly designed probes was low but there was a clear difference between macroflocs (1.5%) and microflocs (0.1%). In contrast, these probes identified approximately 7% of the total bacteria in the CFP (data not shown). The results confirm the floc model of Sezgin et al. (1978) postulating that filamentous organisms act as a backbone of the floc and that non-filamentous organisms are attached by the EPS. The lack of filamentous bacteria in the SBR may lead to the formation of microflocs with bad sedimentation properties.
Only about 11% (macroflocs) and 2% (microflocs) of the total bacterial community could be characterized by the oligonucleotide probes used. This low detection frequency was caused by a high amount of poorly degradable substances and a high temperature which led to the development of a specialized bacterial population. With respect to the oligonucleotide probes used there was a clear difference in bacterial community composition of the two floc fractions. Hence microflocs are either separately growing aggregates or macroflocs contain spatially segmented microbial communities which disaggregated into microflocs. 
Metabolic potential in micro-and macroflocs
To compare the metabolic potential of both floc fractions, substrate utilization tests (BIOLOG) were performed. The data were analyzed with the "area-under-the-time-curvemethod" according to Guckert et al. (1996) . Macroflocs were homogenized prior to testing to ensure substrate availability to all cells. The results showed a broader utilization spectrum, a higher stability, and a higher activity for the microflocs (Figure 2) . Most of the substrates tested were more effectively utilized by the microflocs. Greatest differences were found for glucuronamide, saccharic acid, citric acid, and lactose. One possible reason may be differences in the microbial communities as shown by FISH analysis. Furthermore, the limitations of the test itself should be kept in mind. Only 95 substrates were tested and most of them are easily degradable. It would be of interest to test a broader substrate spectrum and substrates that are more representative of paper mill effluents.
The influence of sludge age on microfloc formation
Sludge age is an influential factor for the population structure of activated sludge and, consequently, this parameter affects sludge settleability. In this study the parameters effluent SS and the effluent VSS were used as quality indicators of sludge settleability. Figure 3A shows a lower effluent SS with decreasing sludge age. The effluent biomass fraction expressed as the ratio of effluent VSS to effluent SS ( Figure 3A) indicates that a similar sludge flocculation was obtained for a sludge age of 5 and 10 days. The percentage of effluent VSS to effluent SS was lower than expected for activated sludge. This may be attributable to the presence of inorganic additives such as paste containing mineral clays in the paper mill. The reason that 5-day-old sludge achieved a lower effluent SS content compared to the 10-day-old sludge was not a better sludge sedimentation but a lower biomass content in the reactor ( Figure 3B ). Comparable observations were made by Bisogni and Lawrence (1971) and Chao and Keinath (1979) . The EPS quantity and quality (Table 1) gave additional information about the sedimentation behavior of the sludge. Beccari et al. (1980) reported a correlation between EPS quantity and sludge settleability. A very low EPS content causes a reduction in flocculation due to the lack of polymer material. In contrast very high amounts of EPS resulted in floc dispersal. The effect is due to the fact that the increasing charge of the floc surface raises the repulsive strengths (Jia et al., 1996) . This might explain the low sludge settleability determined for the 20-day-old sludge which accumulated very high amounts of EPS (Table 1 ). An equally good sludge settleability characterized by a similar ratio of effluent VSS to E. Müller et al.
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Macr oflocs BIOLOG resp onse by area BIOLOG re sponse by area Figure 3A) was determined for the 5-and 10-day-old sludge; however, the 10-day-old sludge had a higher EPS content compared to the 5-day-old sludge and no significant difference to the 20-day-old sludge was found. Analysis of EPS composition (Table 1) suggested that the lower protein to polysaccharide ratio of the 10-day-old sludge improved flocculation. The 5-day-old sludge had good sedimentation features despite the high protein to carbohydrate ratio of 4.2. To summarize, evidence suggests that both quantity and quality of EPS, above all the ratio of protein to carbohydrates, influence the settling ability of activated sludge.
The effect of potassium addition on sludge settleability (10-day-old sludge)
A potassium concentration of 0.01 g/l was measured in the paper mill wastewater before any potassium was supplemented. The addition of 0.1 and 0.25 g/l potassium affected the development of a 1.5 times higher biomass content in the reactor, and a decrease in biomass was observed after higher potassium addition (Figure 4 ) as would be expected at these physiologically toxic concentrations. Further it was shown that the addition of 0.1 g/l potassium caused the lowest effluent SS and an increase in effluent SS was observed at higher potassium concentrations (Figure 4) . A comparison of biomass content in the reactor and effluent SS suggests that the decrease in biomass at higher potassium supplementation levels is not the effect of low metabolic activity of the bacterial cells but of increased microfloc formation leading to biomass losses by the effluent. These results were confirmed by microscopic analysis. The development of macroflocs with a high density was characteristic for the addition of 0.1 and 0.25 g/l potassium, and 1 g/l potassium supplementation affected the formation of microflocs and planktonic cells. Similar deflocculation processes after the addition of higher potassium levels were reported by Zita and Hermansson (1994) and Murthy and Novak (1998) .
Conclusions
The investigations revealed a different composition and metabolic potential of the microbial community in micro-and macroflocs suggesting that pin-point sludge formation is not due to dispersal of intact flocs but to microcolonies growing separately. Alternatively, macroflocs may have an architecture leading to segregation of microbial communities after floc dispersal. An improvement of sludge settleability was determined for 5-and 10-dayold sludge, and after addition of 0.1 g/l potassium to the influent. The beneficial effect of potassium at 0.1 g/l was evident both in lab-scale and pilot-scale (10 m 3 ) reactors and led to the inhibition of microfloc formation. The highest operational stability was observed for the 5-day-old sludge since effluent values including COD showed the least fluctuation. 
